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Abstract: The novel coronavirus disease (COVID-19) is caused by a virus (SARS-Cov-2) 
and is known for inducing multisystem organ dysfunction associated with significant mor- 
bidity and mortality. Current therapeutic strategies for COVID-19 have failed to effectively 
reduce mortality rate, especially for elderly patients. A newly developed vaccine against 
SARS-Cov-2 has been reported to induce the production of neutralizing antibodies in young 
volunteers. However, the vaccine has shown limited benefit in the elderly, suggesting an age- 
dependent immune response. As a result, exploring new applications of existing medications 
could potentially provide valuable treatments for COVID-19. N-acetylcysteine (NAC) has 
been used in clinical practice to treat critically ill septic patients, and more recently for 
COVID-19 patients. NAC has antioxidant, anti-inflammatory and immune-modulating char- 
acteristics that may prove beneficial in the treatment and prevention of SARS-Cov-2. This 
review offers a thorough analysis of NAC and discusses its potential use for treatment of 
COVID-19. 
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Introduction 

According to the CDC, most SARS-Cov-2 infected individuals can recover from 
the disease at home. However, this virus can also cause serious illness in immune- 
compromised individuals, elderly patients, and in those with certain preexisting 
health conditions, such as hypertension, diabetes, and cardiovascular disease.' It 
takes approximately 7 days to develop computed tomography (CT)-confirmed 
pneumonia (COVID-19) from the onset symptoms, such as fever or dry cough, 
and another 2 days to progress to acute respiratory distress syndrome (ARDS).” 
ARDS is the major cause of death for COVID-19 patients and is associated with 
dysregulated host immune responses following viral infection. 

One of the early immune responses during viral infection is the production of 
cytokines and chemokines from immune cells. High levels of IL-8, a strong 
chemoattractant for neutrophils, has been detected early in infected SARS 
patients.* Once activated by infection, neutrophils are rapidly recruited to sites of 
inflammation in the lungs, where they produce and secrete cytokines, enzymes, 
including elastase (NE), reactive oxygen species (ROS) by oxidative burst, and 
finally release DNA to form neutrophil extracellular traps (NETs).* In severe 
COVID-19 patients, an increased number of neutrophils has been associated with 
disease severity,” most likely due to the production of large amounts of proinflam- 
matory cytokines, creating a “cytokine storm”. 
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In neutrophils, NE can degrade a wide variety of archi- 
tecturally and functionally important molecules, such as 
clotting factors and complement proteins. NE activity 
may, in part, explain the significant increase of D-dimer 
and pulmonary hemorrhage observed in COVID-19 
patients.* Additionally, NET-bound NE can degrade local 
plasminogen without generating plasmin onto fibrin, thus 
resulting in impaired fibrinolysis. This suggests that NE- 
bound NETs have the potential to serve as a platform for 
activation and formation of intravascular coagulation,”* 
which partly explains why pulmonary embolism usually 
occurs in critical COVID-19 patients in the intensive care 
unit (ICU).” In some critically ill COVID-19 patients, the 
coexistence of thrombosis and hemorrhage was observed, '° 
indicating that suppression of NE production by stabilizing 
neutrophils could be beneficial for either condition. For 
instance, inhibiting neutrophil activation by an IL-8 anti- 
body can effectively combat acute lung injury.''!’!* In other 
words, any measure that can suppress neutrophil activation 
might improve the outcomes of COVID-19 patients. 

Cellular immunity is also required for a host to fight 
a viral infection, which is regulated by an oxidant- 
antioxidant balance. This balance is maintained by antiox- 
idants including glutathione. In the immune cells of senior 
or immune-compromised individuals, ROS is increased 
due to decreased glutathione, which causes dysregulation 
of immune responses, particularly of T cell-mediated func- 
tions. This may explain the depressed cell-mediated immu- 
nity and increased mortality found in elderly persons as 
a result of infectious diseases, such as pneumonia.'**'* In 
fact, in addition to depressed functions, the number of 
lymphocytes, including both CD4+ and CD8+ T cells, 
was found to decrease linearly with age.'> Furthermore, 
a reduced number of T cells as a result of apoptosis was 
also observed in critical COVID-19 patients, which further 
compromised cellular immunity and was associated with 
the higher mortality for these populations.”!° Therefore, 
replenishing certain antioxidants may restore the normal 
responses of immune cells through inhibiting T cell apop- 
tosis, potentially reducing incidence or severity of pneu- 
monia due to virus infection. 

Combining count changes of neutrophils and lympho- 
cytes, several groups have recently revealed that a high 
neutrophil-to-lymphocyte ratio (NLR) predicts a more 
severe progression of the disease and worse outcomes for 
COVID-19 patients,'’"' suggesting that NLR may be 
used as a prognostic marker and a therapeutic guide during 
acute COVID-19 infection. Therefore, in addition to 


administration of anti-viral drugs, inhibiting neutrophil 
activation and protecting T cells could provide an effective 
therapeutic option for treating COVID-19 patients. 

Theoretically, an effective vaccine would be the best 
solution to combat SARS-cov-2 infection. A recent study 
showed that a recombinant adenovirus type-5 (Ad5) vac- 
cine was capable of inducing neutralizing antibodies at day 
14 post-vaccination,”” suggesting that a quick control of 
the COVID-19 pandemic is a possibility. However, this 
study also found that the neutralizing antibodies were 
reduced between the ages of 45 to 60 when compared 
with younger people. Since younger people are widely 
considered the major carriers and spreaders of SARS- 
Cov-2, effective vaccines are still desperately needed to 
reduce virus transmission. Meanwhile, exogenous neutra- 
lizing antibodies may help those not responsive to the 
SARS-Cov-2 vaccines. Unfortunately, both vaccines and 
neutralizing antibodies are still under development. 
Therefore, a multimodal approach may be necessary 
when treating COVID-19 in elderly patients or in those 
with preexisting conditions. 


Evidence and Discussions 
N-Acetylcysteine, a Forgotten 


Immune-Modulating Agent 

N-acetylcysteine (NAC), a precursor of the antioxidant 
glutathione, has been used to loosen thick mucus in the 
lungs and treat acetaminophen overdose for decades. 
However, NAC can also boost the immune system, sup- 
press viral replication, and reduce inflammation. Despite 
these valuable features, NAC has been mostly overlooked 
throughout SARS-Cov and MERS-Cov epidemics, as well 
as the current COVID-19 pandemic. 

In 1997, De Flora et al demonstrated that oral adminis- 
tration of NAC (600mg, bid) significantly improved cell- 
mediated immunity, shifting from anergy to normoergy in 
seniors (Figure 1A).*' Anergy represents a lack of reaction 
from immune cells to foreign substances, such as bacteria 
and viruses. Unsurprisingly, NAC treatment significantly 
decreased the frequency of influenza, as well as the severity 
and duration of most symptoms (Figure 1B). Although the 
infection rates of influenza virus (HIN1 Singapore 6/86) 
were similar in the two groups, only 25% of virus-infected 
subjects in NAC group developed flu symptoms, contrasting 
with 79% of the subjects in the placebo group. As a result, 
NAC may improve compromised cellular immunity and 
prevent development of certain respiratory virus-caused 
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Figure | (A) Effect of NAC treatment on cell-mediated immunity. Left: Placebo group; Right: NAC-treated group. *p <0.05; **p<0.01; ***p<0.001, significance of difference 
in the frequency of anergy, within the NAC group, after 1, 3 and 6 months, compared to the start of the study (time 0); *<0.05, significance of difference in the frequency of 
anergy between the NAC group and the placebo group. (B) Effect of NAC treatment on the cumulative occurrence of individual influenza-like signs and symptoms. *p<0.05; 


*b<0.0001, significance of difference between the frequency of symptoms in the NAC group and the placebo group. Reproduced with permission from De Flora S, Grassi C, 


Carati L. Attenuation of influenza-like symptomatology and improvement of cell-mediated immunity with long-term N-acetylcysteine treatment. European Respiratory Journal. 


1997;10: 1535-1541.7! 


diseases, thus raising the question: Can NAC administration 
benefit COVID-19 patients? 


NAC Offers the Following Key Features 


to Combat COVID-19 

Anti-Virus Functions of NAC 

RNA viruses need active NF-KB pathway support within 
host cells in order to replicate. For human coronaviruses 
(HCoV-229E), suppression of NF-«B significantly reduced 
the replication rate.” Therefore, drugs that inhibit NF-KB 
activation could potentially reduce viral replication. 

NAC has been demonstrated to inhibit NF-«B, as well 
as the replication of human influenza viruses (H5N1, 
Vietnam/VN1203 strain) in human lung epithelial cells in 
a dose dependent manner (5 to 15 mM) (Figure 2). NAC 
also reduced the production of pro-inflammatory cytokines 
(IL-8, CXCL10, CCLS5 and IL-6), thus reducing chemo- 
tactic migration of monocytes.” In addition, NAC has also 
been showed to inhibit replication of other viruses, such as 
human immunodeficiency virus (HIV)** and respiratory 
syncytial virus (RSV).*° This means that, theoretically, 
NAC has the potential to inhibit SARS-Cov-2 as well 
because of its ability to negatively regulate NF-«B. 


NAC Could Also Be a Direct Inhibitor of SARS-Cov-2 
In SARS-Cov-2, main protease (Mpro) is required for viral 
replication. As a result, many researchers have sought to 
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Figure 2 Influence of NAC on H5NI virus replication in A549 cells. A549 cells 
were infected with A/Vietnam/ 1203/04 (VNI203) at a MOI of 0.01. NAC treatment 
(0 mM NAC: dark grey bars, 5 mM NAC: middle grey bars, 10 mM NAC: light grey 
bars, 15 mM NAC: white bars) was performed continuously starting 24 h prior to 
infection. H5NI titres were determined 12, 24 and 48 h post-infection. *p<0.05 
relative to untreated virus control. Reprinted from Biochemical Pharmacology, 79, 
Geiler J, Michaelis M, Naczk P, et al. N-acetyl-L-cysteine (NAC) inhibits virus 
replication and expression of pro-inflammatory molecules in A549 cells infected 
with highly pathogenic H5NI influenza A virus. 413—420, Copyright (2010), with 
permission from Elsevier. 


develop inhibitors specifically targeting Mpro. Zhang et al 
provided the crystal structure of Mpro and designed the small 
compound 13b, which can efficiently inhibit SARS-CoV-2 
replication in human lung cells.*° However, it will likely take 
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years for this promising Mpro inhibitor to advance to clinical 
application. Guthappa suggested that NAC may bind to Cys- 
145, an active site of Mpro, which could potentially inhibit its 
protease activity and then inhibit viral replication.” Thus, 
NAC could serve as a first-line drug specifically for SARS- 
Cov-2 due to its structural characteristics. 


Immune-Modulating Properties of NAC 

It has been demonstrated that NAC can change the redox 
balance towards reduced status inside neutrophils by 
replenishing reduced glutathione (GSH), which suppresses 
NF-«B activation at concentrations of 10mM or more, 
resulting in modulation of cytokine production and chemo- 
tactic signals.” Moreover, neutrophils from healthy volun- 
teers taking NAC (600 mg daily) for 14 days showed lower 
rates of oxidative burst and chemotaxis. NAC also sup- 
pressed elastase release from neutrophils induced by for- 
myl-methionyl-leucyl-phenylalanine (fMLP) in a dose 
dependent manner, as the elastase was completely abolished 
by 10mM NAC (Figure 3). Monocyte chemotaxis can also 
be inhibited by clinically accessible concentrations of 
NAC.” When it comes to considering even higher doses 
of NAC, another study showed that oral administration of 
1200 mg of NAC significantly reduced oxidative bursts 
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Figure 3 The effect of 30 min incubation of neutrophils with different NAC 
concentrations on the fMLP (107 M induced release of elastase by neutrophils 
in vitro. *p<0.05 when compared to the preincubation without NAC. Reprinted 
from Pharmacological Research, 53, Sadowskaa AM, Manuel-y-Keenoy B, Vertongen 
T, et al. Effect of N-acetylcysteine on neutrophil activation markers in healthy 
volunteers: In vivo and in vitro study. 216-225, Copyright (2006), with permission 
from Elsevier.” 


from neutrophils induced by the stimulants C. albicans, 
fMLP, and PMA. Interestingly, NAC did not compromise 
other functions of neutrophils, such as phagocytosis and 
bacterial killing.*° Collectively this data supports the notion 
that 1200 mg of oral NAC can effectively reduce ROS 
production without compromising phagocytosis of SARS- 
Cov-2 in neutrophils. 

In severe COVID-19 patients, a SARS-cov-2 infection 
frequently causes lymphopenia, especially for T cells.*! 
NAC can increase intracellular GSH in human T cells 
and block apoptosis induced by pro-apoptosis Fas anti- 


gen/Fas ligand lethal signal’? 


that is upregulated during 
virus infections, such as HIV, HCV and influenza. Lai et al 
demonstrated that 2400 mg of oral NAC (1200 mg, bid) 
quickly increased glutathione levels in lymphocytes during 
a chronic inflammatory disease, which was not achieved 
by a low-dose NAC (600 mg, bid).** We therefore expect 
that high-dose oral NAC (1200 mg, bid) can improve 
adaptive immunity by elevating glutathione levels in lym- 
phocytes, in addition to modulating neutrophil functions 
during COVID-19 development. 


NAC Can Reduce the Incidence of Pneumonia 

Given that oral NAC (600mg, bid) significantly decreased 
the frequency and severity of influenza, oral NAC may 
reduce the incidence of pneumonia as well. One study has 
demonstrated that about 37% of mechanically ventilated 
patients develop pneumonia, namely, ventilator-associated- 
pneumonia (VAP) in an intensive care unit. NAC (600 mg, 
bid) treated patients developed significantly less clinically 
confirmed pneumonia compared with placebo group 
patients (26.6% VS 46.6%).°** Another study showed that 
oral (600mg, bid) NAC significantly reduced the levels of 
TNF and malondialdehyde (MDA) and significantly 
improved oxidative stress.” Modulation of the inflamma- 
tory process with antioxidants may have a mitigating effect 
in the development of pneumonia, potentially improving 
outcomes if high doses of NAC (1200mg, bid) are utilized. 


Improve Lung Function to Reduce Mortality Rate by 
Intravenous NAC 

Virus induced “Cytokine storm” has been closely linked 
with the mortality in COVID-19 patients.*° In addition to 
secreting cytokines, neutrophils also produce ROS radi- 
cals. ROS are chemically reactive oxygen-containing spe- 
cies, such as superoxide, peroxides, hydroxyl radical, 
singlet oxygen and alpha-oxygen, etc. Superoxide anion 
radicals (O2 ) can cause injury directly and can be 
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converted into more damaging oxidant species such as 
hydroxyl radical (OH ) and hypochlorous acid (HOCI).*’ 
Of the two, OH has been demonstrated as the key reactive 
oxygen species to cause pulmonary edema during acute 
lung injury.’ Hypoxemia secondary to Adult Respiratory 
Distress Syndrome (ARDS) and pulmonary edema may 
occur during COVID-19 infection.’ Besides causing tis- 
sue injury, ROS can also activate the NF-kB pathway to 
amplify inflammation through upregulation of expression 
of multiple genes, such as IL-6, TNF-a, and chemokines. 
NAC, a powerful scavenger of OH “*° could effectively 
prevent cytokine storm and ROS-induced pulmonary 
edema and respiratory failure. 

In patients with mild-to-moderate acute lung injury, 
intravenous (IV) NAC treatment (40mg/kg/day) for 3 days 
significantly improved systemic oxygenation, reduced the 
need for ventilatory support and also slightly reduced the 
mortality rate,*! suggesting that higher concentrations of IV 
NAC could be administrated, potentially improving clinical 
outcomes. 

A case report revealed the significance of NAC treat- 
ment for a patient with septic shock from an influenza 
(H1N1) infection. Together with oseltamivir, intravenous 
infusion of NAC at 100 mg/kg/day for 3 days rapidly 
improved the patient’s sepsis conditions with resolution 
of lung infiltrates. However, the patient relapsed after 
cessation of the NAC infusion. Then, reinstating the infu- 
sion of NAC at the same dose rapidly improved the 
patient’s conditions again, until the viruses were even- 
tually eradicated, and the patient was discharged.“ This 
case suggests that high concentration and enough exposure 
time of NAC is the key to treat virus-caused critical con- 
ditions, including pneumonia-mediated sepsis. 

Another promising study revealed that in ARDS and acute 
ALI patients, IV NAC at a loading dose of 150 mg/kg at the 
first day, followed by a dose of 50 mg/kg/day for 3 days, not 
only improved oxygenation, but also decreased mortality rate 
(35.7% VS 76.9%) compared to control patients (p < 0.05).*? 
Although this cohort is relatively small, its results are dra- 
matic, further suggesting that IV NAC can be used to treat 
severe COVID-19 and reduce mortality, given enough dosage 
and treating time. 


Case Reports and Clinical Trials Using NAC to Treat 
COVID-19 Patients 

A recent case report demonstrated that using low-dose 
hydroxychloroquine (HCQ) and IV NAC had a positive 
impact on a 54-year-old male COVID-19 patient, with 


a history of hypertension, hyperlipidemia, and obesity. 
Multi-system end-organ damage was diagnosed and the 
patient was given a low-dose oral HCQ (total 600 mg) in 
combination with IV NAC, at a loading dose of 75 mg/kg 
for 4 hours, then 35 mg/kg for 16 hours, followed by 
17 mg/kg for 24 hours. The patient gradually recovered 
(NLR from 16.7 to 2.4) despite pulmonary embolism and 
short-term mechanical ventilation. He was then released 
from intensive care on day 7 and eventually discharged on 
post-admission day 12.** 

In another case report, a 64-year-old male COVID-19 
patient developed respiratory failure on day 13 post- 
admission, despite being treated with antibiotics, antiviral 
and respiratory support. Together with other treatments, 
a large dose (10-15 g) of NAC inhalation repeated for 11 
days significantly improved his critical conditions. The 
patient was eventually discharged after 26 days of 
mechanical ventilation and 46 days of hospitalization.*° 
Another two COVID-19 patients with dyspnea were effec- 
tively treated with oral and IV glutathione, NAC and alpha 
lipoic acid,*° further suggesting that remediation of oxida- 
tive stress could be a key in combating COVID-19. 

Recently, in a larger cohort study, Ibrahim et al have 
demonstrated that IV NAC significantly improved disease 
conditions in 10 severe respirator-dependent COVID-19 
patients, aged from 38 to 71 years, including one with 
Glucose-6-phosphate dehydrogenase (G6PD) deficiency. 
IV NAC administration significantly reduced inflamma- 
tory markers, such as C-reactive protein (CRP) and ferri- 
tin, and also improved lung functions. Eight patients were 
eventually discharged, and two remaining patients showed 
improved conditions by the date of publication.” This 
clinical practice further proves the effectiveness of NAC 
in COVID-19 treatment. Since NAC is a stronger antiox- 
idant and less expensive than glutathione, the significance 
of NAC-mediated treatments for COVID-19 patients 
should be emphasized, at least as part of a multimodal 
approach. 

To date, there are 6 clinical trials using NAC regarding 
COVID-19 treatments, 4 of them (NCT04545008; 
NCT04419025; NCT04455243; NCT04466657) have not 
recruited patients yet. In the other 2 trials that are recruit- 
ing patients, one of them (NCT04370288) was designed 
with the combination of NAC, Methylene Blue and vita- 
min C, making the interpretation of NAC effect difficult. 
And another study (NCT04374461) is scheduled for com- 
pletion date in May 2021. Without effective treatments, 
COVID-19 could make severe consequences in terms of 
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morbidity and mortality. As a dietary supplement, NAC 
has been used increasingly worldwide. During this 
COVID-19 pandemic, NAC can potentially prevent devel- 
opment of critical pneumonia for the people sensitive to 
SARS-CoV-2 infections. It also provides the potential 
references of how to use NAC for ongoing clinical trials. 
In addition, NAC features and its successful application 
for treating COVID-19 may encourage patients to enroll 
into the clinical trials using NAC. 


Routes and Doses of NAC 
Administration 

IV Infusion of NAC 

To treat acetaminophen overdose for adults based on 
a FDA approved 3-bag regime, NAC (Molecular weight: 
163) is administrated intravenously, initially 150 mg/kg in 
200 mL of 5% dextrose for 60 minutes (first bag), fol- 
lowed by 50 mg/kg in 500 mL of 5% dextrose for 4 hours 
(second bag), and then 100 mg/kg in 1000 mL of 5% 
dextrose for 16 hours (third bag).** Given that the average 
American male (20 years or older) weighs about 90 kg 
with about 7000 mL of blood, 13.5 g of NAC in 200 mL 
(414 mM) of 5% dextrose can be infused in one hour. 


Based on the calculations of two studies,?>° 


the approx- 
imate NAC concentration in blood should be about 1 mM 
during infusion of the first bag, which is enough to neu- 
tralize the potent oxidant species, suppress oxidative burst, 
and substantially reduce neutrophil chemotaxis and cyto- 


kine storm. 


Oral Administration of NAC 

The gut is the largest immune organ we have,”’ carrying 
70% of all lymphocytes in the body. Absorbed in the small 
intestine, oral NAC interacts with epithelial cells and 
immune cells, potentially boosting our immune system to 
combat virus infection. One capsule of 600 mg NAC can 
reach a level of 16 uM NAC in the peripheral blood in half 
an hour after administration. Although it has been labeled 
as “low bioavailability” for decades, if administrated 
within 8-10 hours of acetaminophen overdose, oral admin- 
istration of NAC displays the same capacity of detoxifica- 
tion as given by the IV route.” 


NAC Inhalation 

Under FDA guideline, to loosen mucus, MAYO clinic 
suggests inhaling 3 to 5 milliliters (mL) of a 20% solution 
or 6 to 10 mL of a 10% solution using a nebulizer, three or 
four times a day. For NAC, 10% is equivalent to 613 mM. 


Highly concentrated NAC can effectively reduce viral 
replication and significantly alleviate pneumocyte damage, 
as well as excessive immune responses. 


Availability and Cost of NAC 


The affordable generic NAC has been used increasingly as 
a dietary supplement in the US and Europe. For example, 
a 600 mg NAC capsule costs about 0.07—0.1 dollars on the 
market. The other acetylcysteine formulations are also 
commercially available in the US as generic and brand- 
name drugs, such as Mucomyst for nebulizer administra- 
tion (prescription needed, 10mL of 10% NAC costs about 
$6 with insurance, and about $3.8 with an online coupon) 
and Acetadote for intravenous administration. 


The Strategy of NAC Administration 

To protect those who have not contracted SARS-Cov-2, 
oral NAC (600 mg, bid) could be an effective and eco- 
nomical measurement to modulate their immune systems 
against potential infection. Once onset symptoms appear, 
such as fever or dry cough, oral NAC (1200 mg, bid) 
could be taken to alleviate symptoms and accelerate recov- 
ery from virus infection. 

For relatively severe patients without airway obstruc- 
tions, an inhalable formula of NAC can be used with 
a nebulizer. Patients with allergies or asthma should take 
antihistamine before or during NAC inhalation, to prevent 
adverse reactions. Self-treatment with oral or inhalable 
NAC could help many SARS-Cov-2 infected patients 
safely recover at home. 

Once patients develop clinically confirmed pneumonia 
or dyspnea, in addition to regular therapy, such as 
Remdesivir,™ IV NAC should be given intermittently or 
continuously. This could then prevent development of 
ARDS, which often entails invasive ventilation and inten- 
sive care unit support. For example, NAC can be infused 
at a dose of 100 mg/kg for at least 3 days, which equals to 
about 1/3 of the total dose during a 3-bag regime. There is 
no difference between intermittent and continuous infusion 
of NAC regarding patient outcomes.** 

When a patient develops ARDS, along with regular anti- 
viral therapy, 150 mg/kg at the first day, followed by a dose of 
100 mg/kg/day for at least 3 days, should be administrated to 
avoid irreversibly fatal multiple organ failure (MOF). Once 
MOF or critical sepsis occurs, patients likely will not benefit 
from any NAC administration.” A brief overview of a NAC 
therapeutic strategy to combat COVID-19 has been summar- 
ized in Figure 4. 
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Figure 4 A brief overview of a NAC therapeutic strategy to combat COVID-19. 


Conclusions 

N-acetylcysteine (NAC) is inexpensive, has very low toxi- 
city, has been FDA approved for many years, and has the 
potential to improve therapeutic strategies for COVID-19. 
NAC administered intravenously, orally, or inhaled, may 
suppress SARS-CoV-2 replication and may improve out- 
comes if used timely. Potential therapeutic benefits of 
NAC include, extracellularly scavenging ROS radicals, 
replenishing intracellular GSH, suppression of cytokine 
storm, and T cell protection, thus mitigating inflammation 
and tissue injury. NAC administration in combination with 
other antiviral agents may dramatically reduce hospital 
admission rate, mechanical ventilation and mortality. 
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